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The crystal structure and morphology of the Nd-rich phase in postannealed sintered Nd–Fe–B hard
magnets were investigated by transmission electron microscopysTEMd. The Nd-rich phase at grain
boundaries thinner than about 2 nm was found to be amorphous; as the boundary region broadened,
it assumed a face-centered cubicsf cd structure witha<0.54 nm; eventually, the selected area
diffraction pattern exhibited systematically allowed superlattice spots, revealing that the Nd-rich
phase belongs to the space groupIa3̄ with a<1.1 nm. The elemental analysis of the Nd-rich phase
showed that it contains a considerable amount of oxygen. These findings indicate that the Nd-rich
phase witha<1.1 nm is in fact isostructural to cubic Nd2O3 sMn2O3 structured. We also found
Nd-rich fcc precipitatessa<0.54 nmd of several ten to hundred nm inside the Nd2Fe14B grains.
Both intergranular and intragrain Nd-rich phases possess simple orientation relationships with
the matrix Nd2Fe14B phase, such ass111dNd2Fe14Bi s111dNd-rich f211gNd2Fe14Bi f211gNd-rich and
s010dNd2Fe14Bi s111dNd-rich f001gNd2Fe14Bi f110gNd-rich. Our Lorentz TEM observation suggested that
the intragrain Nd-rich precipitates frequently disrupt magnetic domain wall arrangements, and that
the magnetic interactions across thin amorphous Nd-rich phase are dominated by a simple dipole
interaction. ©2005 American Institute of Physics. fDOI: 10.1063/1.1851017g
I. INTRODUCTION
Since the invention of Nd–Fe–B sintered magnets in
1983, a number of studies have been carried out in order to
improve their magnetic properties.1 Sintered magnets are
normally composed of the hard-magnetic Nd2Fe14B phase, a
nonmagnetic minor B-rich phase, and a so-called Nd-rich
phase that exists mainly at grain boundaries. Phenomeno-
logically it is known that the coercivity of the magnets de-
pends sensitively on post-sintering heat treatment
conditions.2,3 This suggests that coercivity is strongly influ-
enced by microstructural factors that give rise to the nucle-
ation of reverse magnetic domains at interfaces, and possibly
also by the pinning of the reversed domain movement, al-
though the exact mechanism for reverse domain nucleation
has not yet been established. Therefore, understanding the
microstructural changes upon postsintering annealing is an
indispensable step toward the realization of high perfor-
mance magnets.
The structure of the Nd2Fe14B phase is well established:
it belongs to the space groupP42/mnmwith a unit cell of
a=0.880 nm andc=1.221 nm, containing 68 atoms.4 The
B-rich phase, on the other hand, belongs to the orthorhombic
class with unit cell parameters ofa=b=0.7117 nm andc
=3.507 nmsspace groupPccnd.5 This structure can be con-
sidered as a derivative of the NdCo4B4 structure sspace
group P42/n,a=0.707 nm,c=0.382 nmd, in which the Nd-
sublattice and Fe–B-sublattice are arranged in thec-direction
with different periodicities. This B-rich phase is nonferro-
magnetic and it is generally believed to play only a minor
role in the sintered magnet.
On the other hand, the Nd-rich phase not only plays a
dominant role in the densification during the sintering pro-
cess, but is also believed to be crucial in the improvement of
magnetic properties, though the exact mechanism is still not
clearly understood. As for its structure, most of the literature
shows that it assumes a structure based on face-centered cu-
bic sfccd lattice with the unit cell parameter of
a<0.52 nm.6–12 Since the metallic Nd phase does not exist
in fcc form, the Nd-rich phase that appears in sintered mag-
nets is thought to arise from the oxidation of the metallic Nd.
Namely, it has been suggested that, Nd with a double hex-
agonal close packedsdhcpd structure transforms to an fcc
based structure, which is stabilized by the introduction of
oxygen during annealing.6 The presence of oxygen has been
confirmed by several independent techniques, including en-
ergy dispersive spectroscopysEDSd and Auger electron
spectroscopy.13–15
There are a number of different views regarding to the
effects of heat-treatments on magnetic properties, especially
on the coercivity of Nd–Fe–B sintered magnets. These in-
clude sid improved compositional uniformity in the
Nd2Fe14B phase,
16,17 sii d stress relief effects of the Nd2Fe14B
phase,16,18–22 siii d recovery in intergranular regions,16,17,19,23
sivd improved magnetic separation between the Nd2Fe14B
grains by nonferromagnetic Nd-rich phase,1,3,22,23 and svd
crystallographic orientational changes between the Nd2Fe14B
and Nd-rich phases.24 Recently it has been pointed out that
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the Nd-rich phase exists at every grain boundary after heat
treatments.25 In order to shed light on the effects of anneal-
ing, we chose three specimens having an identical composi-
tion but exhibiting different magnetic properties. We em-
ployed high-resolution transmission electron microscopy
sHRTEMd to identify the microstructural changes of these
specimens and the crystal structure of the Nd-rich phase, and
Lorentz TEM to examine the role of the Nd-rich phase on
magnetic domain structures.
II. EXPERIMENTAL PROCEDURE
A starting ingot of the nominal composition of
Nd15Fe79B6 was pulverized down to 3–5mm, and then
pressed in a magnetic field higher than 0.8 MA/m under a
pressure of about 108 N/m2. The pressed powder compacts
were then sintered in an Ar atmosphere at 1327 K for 1 h.
The as-sintered specimen will be referred to as sample A.
The sintered magnet was then annealed at 1073 K for 1 h
and subsequently quenched; this specimen will be referred to
as sample B. Final annealing was carried out at 773 K, and
this specimen will be referred to as sample C. Figure 1
shows the demagnetization curves of the samples investi-
gated in this study. Table I provides a summary of the mag-
netic properties of these specimens which shows that the
coercivity of as-sintered sample A improves with each an-
nealing process.
In order to prepare TEM specimens, the aforementioned
samples were at first mechanically polished down to 50mm
thick, and then dimpled. A small hole was then made by
ion-milling with an incident angle of 25° at an acceleration
voltage of 4 kV, followed by final thinning with an incident
angle of 10° at 3 kV. We employed JEOL JEM-3010sCS
=1.1 mmd operating at 300 kV, equipped with x-ray EDS for
microstructural characterizations, and JEM-ARM1250sCS
=1.7 mmd operating at 1 MV for magnetic domain observa-
tions, in which a specimen was placed above the objective
lens in order to minimize the effects of stray fields on the
magnetic domain structure. We also used JEOL JSM-6320F
scanning electron microscopesSEMd for preliminary micro-
structural observations.
III. RESULTS
Figure 2 shows backscattered electron SEM images of
samples A, B, and C. In this imaging mode, the brightness of
the images is roughly proportional to the atomic mass within
the specimen. Thus, the dominant gray contrast arises from
the Nd2Fe14B phase, while the white contrasts arise from the
Nd-rich phase. All three samples are composed of Nd2Fe14B
grains of approximately 5mm and intergranular Nd rich
phase. No appreciable difference was detected at this magni-
fication. Because of the stray magnetic fields from the speci-
mens, it was practically impossible to further magnify them
using this technique.
FIG. 1. Demagnetization curves for samples Asas-sintered, B sannealed,
and Csoptimally-annealed specimend.
TABLE I. Magnetic properties of samples employed in the present study.
Sample Saturation magnetizationsTd Coercivity skA/md sBHdmax skJ/m3d
A 1.349 314 276
B 1.354 419 321
C 1.350 756 345
FIG. 2. Backscattered electron SEM images ofsad as-sintered,sbd annealed,
and scd optimally-annealed specimens.
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Figure 3 provides bright-fieldsBFd TEM images of
samples A, B, and C, showing grain boundaries and triple
junctions. No distinct change by annealing can be detected at
this magnification. Also indicated in Fig. 3sad by arrows are
precipitates of several ten to hundred nm. These precipitates
exhibit a characteristic dynamical contrast arising from strain
fields.26 We have found similar precipitates inside Nd2Fe14B
grains in all three samples investigated in the present study.
Figure 4 compares EDS profiles obtained fromsad
Nd2Fe14B grain, sbd triple junction, andscd a precipitate
within the Nd2Fe14B phase. Note that Nd signals insbd and
scd are considerably higher than those insad. Also note the
presence of a peak at around 0.5 keV insbd, and to a lesser
extent, in scd, which corresponds to the oxygenKa line
s0.525 keVd. These chemical analyses suggest that triple
junctions and precipitates are composed of the Nd-rich
phase, containing Fe and oxygen, and that the amount of
oxygen contained in the phase at triple junctions is larger
than that in the precipitates.
Figures 5sad and 5sbd are the HRTEM image and se-
lected area diffractionsSADd pattern of a precipitate ob-
served in sample A. The precipitate and Nd2Fe14B matrix
possess an approximate orientation relationshipsORd of
s110dNd2Fe14Bi s011̄dNd-rich, f001gNd2Fe14Bi f111gNd-rich. Al-
though this particle can be considered as a coherent precipi-
tate, the SAD pattern shows that the mismatch of reciprocal
lattice points of the two phases is large, suggesting that strain
fields can exist around coherent Nd-rich precipitates as, for
example, observed in Fig. 3sad.
Figures 6sad and 6sbd are HRTEM images of grain
boundary areas taken for sample A,scd andsdd for sample B,
FIG. 3. BF TEM images of grain boundaries insad as-sintered,sbd annealed,
and scd optimally-annealed specimens. The arrows insad indicate contrasts
arising from strain-fields around coherent precipitates.
FIG. 4. EDS profiles ofsad Nd2Fe14B phase,sbd triple junction, andscd
intragrain precipitates. Note the presence of oxygen peak insbd and scd.
FIG. 5. sad HRTEM images of a Nd-rich precipitate observed in sample A
taken alongf001g zone axis of the matrix Nd2Fe14B phase, andsbd SAD
pattern, showing OR ofs110dNd2Fe14Bi s011̄dNd-rich, f001gNd2Fe14Bi f111gNd-rich.
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and sed and sfd for sample C. In Fig. 6sad, the image of the
grain boundary suggests that the Nd2Fe14B grains above and
below the boundary are separated by an amorphous phase of
about 1.5 nm thick. Also note that the grain boundary is
slightly undulated in this as-sintered specimen. Figure 6sbd
shows a large step of more than 10 nm in the same sample.
Observe that the two Nd2Fe14B grains are in direct contact in
this particular example. Figure 6scd, which is taken from the
annealed specimen, shows a flat amorphous grain boundary
phase, while Fig. 6sdd shows a thicker undulated amorphous
grain boundary. Also recognized in the upper grain in this
micrograph is a wavy contrast, which probably arises from
strain fields. In contrast, Figs. 6sed and 6sfd show that the
grain boundary region is composed of a smooth amorphous
phase.
Figure 7sad is a low magnification HRTEM image of a
triple junction observed in sample C, andsbd is a magnified
image of the rectangular region indicated insad. The spacing
of the lattice fringes seen on the right of Fig. 7sbd is 0.32 nm,
corresponding closely to theh111j spacing of the fcc Nd-rich
phase. The same picture shows that the lattice fringes be-
come disordered as the width of the grain boundary de-
creases, and finally it exhibits a maze contrast expected from
an amorphous structure. Thus, the structure of the Nd-rich
phase changes continuously from amorphous to crystalline
with increasing boundary thickness.
As was already shown in the SEM imagessFig. 2d, the
intergranular Nd-rich phase can be as large as several hun-
dred nm. Figure 8sad is an HRTEM image of the boundary
region between a Nd2Fe14B grain supper partd and a large
Nd-rich phaseslower partd of sample A, together with a SAD
pattern,sbd. In this particular example, the Nd2Fe14B phase
FIG. 6. HRTEM images of grain
boundaries.sad and sbd were taken
for sample A, showing undulated
boundaries. Note that the boundary
in sbd is free from intergranular Nd-
rich amorphous phase.scd andsdd for
sample B, andsed andsfd for sample
C, showing that the effect of postan-
nealing on the smoothness of inter-
granular boundaries.
FIG. 7. sad Low magnification HRTEM images of triple junction observed
in sample C, andsbd magnified image of the rectangular region indicated in
sad, showing a gradual transition of the fcc Nd-rich phase to an amorphous
structure as the thickness of the grain boundary decreases.
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is viewed along the f2̄11g zone axis, and the SAD
pattern shows that these two phases are characterized
by the approximate OR ofs111dNd2Fe14Bi s111dNd-rich,
f2̄11gNd2Fe14Bi f2̄11gNd-rich. The unit cell parameter of the lat-
ter obtained from the SAD was 0.548 nm, in agreement with
the reported values in the literature.6–12 Figure 8scd is also
an HRTEM of the area containing a Nd2Fe14B grain
supper partd and a Nd-rich phaseslower partd of sample
C. The OR in this case was010dNd2Fe14Bi s111dNd-rich,
f001gNd2Fe14Bi f110gNd-rich, and the unit cell parameter of the
Nd-rich phase was 0.550 nm.
Figures 9sad–9scd are SAD patterns taken along the
f100g, f110g, and f111g axes of the Nd-rich phase, respec-
tively, found in a wide grain boundary region. These patterns
exhibit strong spots that are expected from an fcc structure,
which we call fundamental spots, and weak superlattice spots
that exist between these fundamental spots. Af111g pattern
with superlattice spots was previously reported by Piet al.,27
but, to the best of our knowledge, af100g pattern has not
been reported in prior literature. The presence of superlattice
spots suggests that the Nd-rich phase assumes an ordered
structure. It should be mentioned here that we observed su-
perlattice spots for the Nd-rich phase that exists in the grain
boundary regions of all samples A, B, and C. On the other
hand, no superlattice spots were observed in the SAD pat-
terns of intragrain Nd-rich precipitates. The fundamental
spots alone can be indexed by the fcc structure with the unit
cell parameter ofa<0.55 nm. When superlattice spots are
taken into consideration, however, we need to assume a unit
cell twice as large as the fcc unit cell. Indexing based on this
scheme is given in Figs. 9sad–9scd. Note the systematic
absence of 10 and 3 0 spotssand the liked in the f001g
pattern. This observation led us to conclude that the presence
of these spots in thef110g and f111g patterns is caused by
double diffraction. We thus find that the allowed spots satisfy
the following rule: h00, h=2n; hk0, h, k=2n; hhlsh=kd, l
=2n; and hkl, h+k+ l =2n sn: integerd. This condition then
enabled us to uniquely determine the space group to which
the Nd-rich phase belongs:Ia3̄ sNo. 206d.28 Given the unit
cell parameter ofa<1.1 nm, the space group, and the fact
that this Nd-based cubic phase contains oxygen, one of the
candidate phases in the present literature that give rise to the
SAD pattern shown in Fig. 9 is the low temperature cubic
Nd2O3 phasesIa3̄,a=1.108 nmd.
29 This point will be dis-
cussed later.
Figure 10sad is a BF image of intragrain Nd-rich precipi-
ates found in sample C, whilesbd and scd are SAD patterns
taken from the precipitates indicated by letters b and c, re-
spectively. These SAD patterns are composed only of funda-
FIG. 8. HRTEM images and SAD patterns of interface area between a
Nd2Fe14B grain and relatively large Nd-rich phasesonly a portion of the
Nd-rich phase is shown in the lower parts of these micrographsd: sad andsbd
for sample A,scd and sdd for sample C. In both cases, the Nd2Fe14B and
Nd-rich phases exhibit well defined ORs. Unit cell parameter obtained for
the Nd-rich phase is about 0.55 nm.
FIG. 9. SAD patterns of the Nd-rich phase, taken along
sad f100g, sbd f110g, and scd f111g zone axes. Note the
absence of 11̄0g and f33̄0g spots in sad. The indices
given in parentheses insbd and scd are those that arise
from double diffraction. These diffraction patterns show
that the Nd-rich phase belong to the space groupIa3̄
with a unit cell parameter of 1.1 nm.
FIG. 10. sad BF TEM image of Nd-rich precipitates taken alongf1̄10g zone
axis of the matrix Nd2Fe14B phase.sbd andscd SAD patterns obtained for the
precipitates indicated, respectively, by letters b and c insad; andsdd HRTEM
image of precipitate b. Note that the OR between the precipitate b and the
matrix differs from that observed for precipitate c.
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mental spots. Also shown insdd is an HRTEM image of the
precipitate indicated by letter b insad. The unit cell param-
eter of the precipitates is 0.543 nm for both precipitates,
whereas the OR deduced from the SAD patterns are
s001dNd2Fe14Bi s110dNd-rich, f1̄10gNd2Fe14Bi f1̄10gNd-rich and
s110dNd2Fe14Bi s011dNd-rich, f1̄10gNd2Fe14Bi f11̄1gNd-rich for pre-
cipitates b and c, respectively. We found that most of the
Nd-rich precipitates possess a well-defined, simple OR with
an Nd2Fe14B phase matrix, though as seen insbd and scd,
intragrain Nd-rich precipitates within the same Nd2Fe14B
matrix do not necessarily possess the same OR. Also, the
HRTEM image in sdd reveals that this Nd-rich precipitate
possesses a well-defined habit plane. Namely, this particular
grain is surrounded byh110jNd-rich, h100jNd-rich, and to a
lesser extent,h111jNd-rich planes, with the misfit angle be-
tweenh110jNd-rich, andh100jNd2Fe14Bbeing only 4°. We have
found that ORs are not limited to the aforementioned
case: rather, they include, e.g.,s24̄1dNd2Fe14Bi s22̄0dNd-rich,
f210gNd2Fe14Bi f110gNd-rich and s130dNd2Fe14Bi s001dNd-rich,
f001gNd2Fe14Bi f110gNd-rich. As for the morphology of these
intragrain precipitates, we found that when they are viewed
along thef001gNd2Fe14Baxis orc-axis ssuch as the one in Fig.
5d, they appear nearly round in shape, whereas when they are
viewed along an axis perpendicular to thec-axis, they fre-
quently appear slightly elongated. Thus it may be stated that
these intragrain Nd-rich precipitates assume a capsulelike
morphology.
Figures 11sad–11scd show the magnetic domain struc-
tures observed by Lorentz microscopy with thec-axis of the
specimen nearly parallel to the electron beamfsad for sample
B andsbd andscd for Cg. Figure 11sad shows that, when two
Nd2Fe14B grains are separated by a very thin intergranular
Nd-rich phase, the magnetization across the interface is con-
tinuous; whilesbd shows that a Nd-rich precipitate of nearly
100 nm can disrupt magnetic domain arrangements. Figure
11scd shows that Nd-rich precipitates 20–30 nm seen in the
grain on the left can also disrupt magnetic domain arrange-
ments. In addition, this micrograph shows that the polarity of
magnetization seen on the right reverses across the relatively
thick grain boundary, suggesting that the magnetic interac-
tion across the boundary is dominated by the dipole, not by
exchange interaction, and that the interaction weakens as the
boundary layer thickens.
IV. DISCUSSION
We have shown that the Nd-rich phase at thin
s<1.5 nmd grain boundary regions is amorphous, but as the
boundary broadens, it changes to an fcc structure witha
<0.55 nm, and to an ordered phase with a unit cell param-
eter twice as large as the fcc structure, belonging to the space
groupIa3̄. These intergranular Nd-rich phase contains a sig-
nificant amount of oxygen atoms. The grain boundaries of
the as-sintered magnet are often undulated and sometimes do
not contain the intergranular Nd-rich boundary phase. As
postsintering annealing proceeds, these boundaries become
smooth, and are surrounded by the thin Nd-rich amorphous
boundary phase. There are also Nd-rich fcc precipitates of
several ten to hundred nm within the Nd2Fe14B grains, which
also contain a non-negligible amount of dissolved oxygen.
The precipitates in the annealed specimens exhibit well-
defined facet planes, but at the same time, there is a lattice
mismatch between precipitates and matrix, resulting in strain
fields around precipitates.
The presence of the Nd-rich phase and its possible im-
plication in the realization of ideal magnetic properties of
sintered Nd–Fe–B magnets were in fact pointed out at the
very beginning of the history of the magnet.1,30 The first
postsintering annealing temperature, 1073 K, is higher than
the ternary eutectic point, E2, 938 K,
31 which suggests that
the annealing will result in melting of the Nd-rich phase and
effective encapsulation of the Nd2Fe14B grains by the Nd-
rich phase; in a general agreement with the present investi-
gation. On the other hand, possible effects of a second, low
temperature annealing, suggested by a number of research-
ers, include stress-relief and reduction of interfacial energy.
In view of the present study, we can suggest that stress fields
that may have been incurred during a rapid cooling can be
relieved by post-annealing, but those arising from the lattice
mismatch between the Nd2Fe14B matrix and the Nd-rich
phase should remain.
Most previous research indicates that the crystalline Nd-
rich phase assumes a fcc structure with a unit cell parameter
of a=0.52–0.55 nm. In the present investigation, the SAD
patterns taken from relatively thick grain boundary regions
exhibited systematically allowed superlattice spots, which
was explained by the space groupIa3̄. When the observed
unit cell parameter ofa=1.1 nm is taken into account, this
behavior then suggests a close relationship between the Nd-
rich phase and the cubic Nd2O3 phasesIa3̄, a=1.108 nm, Nd
at 8b and 24d, O at 48e positions, isostructural to Mn2O3d,
that is reported to be stable below 1113 K.29 The unit cell of
this structure may be viewed as made up by joining eight fcc
unit cells into a large cubic cell. When this is done, however,
FIG. 11. sad Lorentz TEM image taken for sample B, andsbd andscd those
for sample Csmagnifications are the same for these micrographsd. In sad, the
magnetization is continuous across a thin grain boundary; while insbd, a
large Nd-rich grain is found to disrupt magnetic domain arrangements. Note
that, in scd, the polarity of magnetic domains seen on the right reverses
across the grain boundary due probably to the presence of relatively thick
intergranular Nd-rich phase.
053504-6 Shinba et al. J. Appl. Phys. 97, 053504 ~2005!
Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
Nd atoms at 24d positions are symmetrically no longer
equivalent with Nd atoms at 8b positions, and can deviate
from the original fcc lattice positions. It is also unlikely that
oxygen atoms occupy all the 48e positions, and there is even
a possibility that they occupy other sites such as 16c. A pos-
sible deviation of the Nd atoms at 24d sites, as well as the
occupancy of oxygen should yield structure factors that are
consistent with the observed diffraction intensity. Further
studies are necessary to identify this ordered structure.
The metallic Nd has a dhcp structure withadhcp
=0.36562 andcdhcp=1.18056 nm.
32 If one assumes that the
close-packed plane of the dhcp structure is unchanged upon
transformation from dhcp to fcc, we then have a simple re-
lationship of 2adhcp= Î2afcc, which yields afcc=0.517 nm.
The unit cell parameter reported in the literature and this
study for the Nd-rich fcc phase is close to or slightly larger
than this value, ranging from 0.524 nmsRef. 6d to
0.548 nm,24 suggesting the inclusion of oxygen atoms. The
reaction with oxygen is also reasonable considering the af-
finity of rare earth metals with oxygen. In view of the present
result, we may suggest that, in most of the investigations
reported so far, the amount of oxygen was simply not large
enough to give rise the ordering of the interstitial oxygen
atoms, resulting in the fcc structure. This may well apply to
the intragrain Nd-rich phase observed in the present study.
When the supply of oxygen is large, the oxygen atoms ar-
range themselves to fit the symmetry ofIa3̄.
The effect of the Nd-rich phase on magnetic properties,
especially coercivity, has been a matter of debate. A common
observation shared by most studies is that the degree of con-
tinuity and smoothness of the intergranular Nd-rich phase is
an important factor for coercivity, since intrinsic coercivity is
determined by the nucleation of reversed domains and by
their expansion.13 Our observation on the morphological
changes of intergranular Nd-rich phase upon annealing was
in accord with this viewsFig. 6d. Namely, we have seen that
post-annealing brings about smooth, amorphous Nd-rich
phase around the Nd2Fe14B grains. As for the ordered struc-
ture, Pi et al. suggested that the formation of superlattice
enhances the coercivity of the magnets. However, the fact
that we observed the formation of the superlattice in all the
specimens investigated appears to contradict this suggestion,
although we also believe that postsintering annealing does
lead to an increase in oxygen content, and thereby to an
increase in the relative amount of theIa3̄ phase. As the Nd-
rich phase becomes rich in oxygen, the number of Nd3+ ions,
which possess the effective Bohr magneton ofp<3.5, in-
creases within the otherwise metallic Nd. The effect of this
paramagnetic phase should be investigated in the future.
Finally, Makita and Yamashita found the presence
of preferred OR of s110dNd2Fe14Bi s110dNd-rich,
f001gNd2Fe14Bi f22̄3gNd-rich or s110dNd2Fe14Bi s010dNd-rich,
f001gNd2Fe14Bi f1̄02gNd-rich.
24 Even though our results did not
fall into these categories, the Nd2Fe14B and Nd-rich phases
frequently exhibited simple ORs. This is most likely due to
the minimization of excess interfacial energy, and should
contribute to decreasing the probability of reverse domain
formation. Yet, our Lorentz TEM observation showed that
intragrain Nd-rich precipitates still frequently disrupt mag-
netic domain wall arrangements. This may be the result of
strain fields due to lattice mismatch, as also pointed out by
the aforementioned authors. They also suggested a possible
change of crystal fields provided by Nd3+ ions in the
Nd2Fe14B phase adjacent to the Nd-rich phase. We found
that, in a well-annealed specimen, thin intergranular Nd-rich
phase is often in amorphous form, and it is therefore not
possible to discuss the effect on a discrete crystal field by
such neighboring Nd-rich phase, though our Lorentz TEM
suggested that a simple dipole interaction is probably the
governing mechanism for magnetic interaction across thin
grain boundaries.
V. CONCLUSIONS
We have investigated the structure and morphological
changes of Nd-rich phase in sintered Nd–Fe–B magnets by
TEM. The Nd-rich phase exists at grain boundaries and as
precipitates inside the Nd2Fe14B grains. Postsintering anneal-
ing is effective in smoothing grain boundaries and encapsu-
lating the Nd2Fe14B phase by the Nd-rich phase. When the
intergranular Nd-rich phase is less than about 2 nm thick, it
is found to be amorphous. Upon broadening, e.g. at triple
junctions, it assumes an fcc based structure; and when the
supply of oxygen is sufficient, it transforms to a structure
belonging to the space groupIa3̄ with a=1.1 nm. It is sug-
gested that this phase is isostructural to Nd2O3, though the
exact atomic positions and occupancy for Nd and O atoms
are still not clear. Both intergranular and intragrain Nd-rich
crystalline phase possess not a unique, but a relatively low
indexed OR with matrix Nd2Fe14B grains, which likely re-
sults in a decrease of interfacial energy. However, a lattice
mismatch between the Nd2Fe14B matrix and the Nd-rich
phase does exist, resulting in strain-fields around the intra-
grain precipitates. These Nd-rich precipitates were frequently
observed to disrupt the magnetic domains; whereas a simple
dipole interaction is likely to be the operating mechanism
across the thin intergranular Nd-rich amorphous phase.
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